A hybrid synthesis method for renewable energy systems is presented. Heuristic equipment preselection is combined with superstructure-based optimization. A real world case study is analyzed (Mljet Island, Croatia). Investment cost savings of up to 59% compared to classical simulation are achieved. The computational effort required for optimization is low. a r t i c l e i n f o 
Introduction
The synthesis of energy supply systems with renewable resources is a key lever for facing the challenges of sustainable development and climate protection [1] [2] [3] . However, the synthesis problem is an inherently difficult task for which three hierarchically-dependent levels need to be taken into account [4] (Fig. 1 ):
The configuration level where equipment choices are made, the sizing level where equipment's capacities are determined and the operational level where the actual load dispatch is specified. While these levels need to be considered for any energy system, a key challenge in the synthesis of renewable energy systems is to cope with the complexity stemming from the temporal and spatial interdependencies associated with renewable resources, usually requiring the installation of storage systems [5] . Additionally, the variety of available technologies and possible combinations adds significantly to the complexity. Besides, both the associated economic and ecological impacts have to be considered since the use of renewables is still usually motivated by environmental arguments. Thus, to find the best solution for a given synthesis problem, complex relationships and trade-offs between technical, economic and ecological consequences have to be balanced.
For the solution of such synthesis problems, two types of approaches are widely followed [4] : Traditionally, heuristic-based approaches are used, but also optimization-based approaches have been developed. Heuristic-based approaches typically rely on specific expert knowledge or physical insights to define possible energy systems and analyze them in simulation studies [6] [7] [8] [9] [10] [11] [12] . On the one hand, the heuristic-based approach is usually robust and generates solutions with manageable effort. On the other hand, only a limited number of alternatives can be studied in http://dx.doi.org/10.1016/j.apenergy.2014.03.051 0306-2619/Ó 2014 Elsevier Ltd. All rights reserved. simulation studies and the risk to overlook superior solutions is high [4] . In contrast, optimization-based synthesis approaches allow for the investigation of a virtually unlimited number of alternatives and thus generally enable to find the optimal solution among all possible alternatives [13] [14] [15] [16] [17] [18] [19] [20] . However, for large problems the modeling effort and solution times can become prohibitively large [21, 22] .
To combine the advantages from heuristic and optimizationbased approaches, so called hybrid approaches have been successfully developed in other fields [23] . In this work, a hybrid approach is developed for the efficient synthesis of renewable energy systems. The proposed method builds upon the RenewIslands method by Duić et al. [24] and the automated superstructure-based optimization approach developed by Voll et al. [25] .
This paper is organized as follows: In Section 2, the proposed hybrid approach is presented. In Section 3, a real world case study is considered -the island of Mljet, Croatia. The proposed method is applied to synthesize a 100% renewable energy system. The solution is compared to findings from an earlier publication where the RenewIslands method has been applied to the identical case but without rigorous optimization [26] . In Section 4, the benefits of the optimization-based synthesis are further elaborated and the required solution effort is analyzed. Finally, the paper is summarized (Section 5).
A hybrid approach for the synthesis of renewable energy systems
The proposed hybrid approach combines two well-founded synthesis methods. The RenewIslands method has been developed for energy planning of isolated islands [27] and has been implemented into the H2RES software [11, 28] . Its core concept is to use heuristic rules to evaluate and structure information on local resources and demands, select promising renewable technologies and devise possible energy systems. The inputs are qualitative statements about the energy demand levels and the available resources which are classified as ''low'', ''medium'' or ''high''. A range of if-then-relations is then provided to derive a set of promising technologies. Based on this set of technologies, synthesis alternatives to be considered are heuristically defined by the user and assessed in scenario-type simulation studies (for details the reader is referred to [24] ). The major strength of the RenewIslands method is that it significantly narrows down the complexity of the synthesis problem by systematically eliminating unsuitable technologies from consideration. The major shortcoming of the RenewIslands method is that the user is required to define the synthesis alternatives using heuristics, i.e. all decisions on structure, sizing and operation need to be specified manually. In general, the optimal solution is not included within this limited number of alternatives and the RenewIslands method will thus lead to suboptimal solutions only.
Voll et al. [25] successfully developed a method for the automated synthesis of distributed energy supply systems. It is implemented as ''eSynthesis'' module into the TOP-Energy framework [29, 30] . The key concept is to apply rigorous, superstructure-based optimization to the configuration, sizing and operation of energy systems. To circumvent the manual definition of a superstructure containing all possible synthesis alternatives, a successive optimization approach is realized that automatically generates, optimizes and expands a set of superstructure models until the optimal solution is found. For this purpose, the method includes an algorithm for automated superstructure and model generation which only needs a set of specified technologies as input. This algorithm makes use of the P-Graph based maximal structure generation method [31] . The (initially) generated superstructure model is successively optimized and expanded until it yields the optimal solution. While the method has been shown to allow for efficient synthesis of decentralized energy supply systems [25] , the technologies considered in the superstructure should be limited to meaningful options. Otherwise, excessively large superstructures lead to increased computational effort which may even become prohibitive.
To enable the efficient synthesis of renewable energy systems, the two discussed approaches have been integrated as follows ( Fig. 2) : In a first step, the RenewIslands method is used to reduce the complexity of the considered synthesis problem by preselecting promising candidate technologies. Next, instead of assessing the identified technologies in scenario-type simulation studies [11, 26] , they are fed into the superstructure-based optimization framework to determine the optimal renewable energy system.
In the authors' opinion, the proposed hybrid approach has the potential to combine the benefits of heuristic-and optimizationbased synthesis. First of all, RenewIslands provides a transparent method with clearly defined rules for the preselection of candidate technologies. This avoids the use of subjective assumptions as often required in current practice. Furthermore, the heuristic preselection of candidate technologies leads to a significant complexity reduction and facilitates optimization-based synthesis: Most importantly, the superstructure is limited to contain only the essential equipment options. Consequently, the modeling of excluded equipment options can be omitted which is often the most time-consuming step in practice. Step 1:
Step 2: Fig. 2 . Proposed two-step hybrid approach for the synthesis of renewable energy systems. The candidate technologies identified by heuristic preselection (step 1) are employed in superstructure-based optimization (step 2) to determine the optimal renewable energy system.
(possibly binary) variables employed for the description of the structure, sizing and operational behavior of the excluded equipment can be dropped for every time-step within the considered time horizon. For instance, in an hourly analysis of a full year, i.e. 8760 h, the omission of only one constraint for the operational behavior (which needs to be defined in every hour) reduces the optimization model already by 8760 equations. Accordingly, substantial benefits in the solution process and a significantly reduced computational effort are expected. Besides, the usually time-consuming effort for data collection and parameterization becomes obsolete. In summary, the proposed hybrid approach allows employing superstructure-based optimization to determine the optimal synthesis solution for complex real-world problems and it is not necessary to resort to scenario-type simulation studies that consider only a very limited set of synthesis alternatives.
Case study ''Mljet Island''
In the following, a real world case study -the Island of Mljet, Croatia -is considered. The island of Mljet is located on the Eastern part of the Adriatic Sea. Mljet measures 37 km in length by 3.2 km average width and an area of 100 km 2 . General population of Mljet from the 2001 census was 1111 inhabitants. Local economy mainly relies on viticulture, olive growing and tourism. This case study has already been analyzed by Krajačić et al. [26] with the original form of the RenewIslands method, i.e. using scenario-type simulation studies instead of rigorous optimization. The objective was set to identify energy supply systems for Mljet that maximize the use of locally available renewable resources and to investigate their economic viability. In the present work, the proposed hybrid approach is applied to the same objective and the results are compared to the original study [26] .
The case of Mljet Island is a typical example for renewable energy systems for which the balance between installed generation and storage capacities is crucial [32] [33] [34] . Balancing generation and storage is particularly complex since it does not only affect all three hierarchically dependent synthesis levels ( Fig. 1 ) but also because both generation and demand are fluctuating and coupled for all time steps via the storage system. This additional interdependency needs to be adequately addressed within the synthesis of the renewable energy system.
Preselection of candidate technologies
Following the proposed hybrid approach, in a first step, candidate technologies for a renewable-based energy system for Mljet Island are determined by heuristic preselection. According to the RenewIslands method, starting point for the preselection is a systematic acquisition and qualitative assessment of the local needs and available resources (Table 1) . Mljet is connected to the mainland with two undersea electricity grid connections. There is no electricity generation capacity on the island. Due to a lack of potable water in summer, three desalination plants are installed on the island. Together with a 300-bed hotel, these desalination plants represent the largest electricity consumers. An analysis of measurement data from the year 2002 and extrapolation to the year 2010 yields a total demand of approx. 4.6 GWh/a with a peak load of roughly 1.8 MW (Fig. 3) . The electricity demand is therefore assessed as ''medium''. The demand for heating and cooling is assessed as ''low'' because the climate of Mljet is Mediterranean with average yearly temperatures in the range of 9°C in January to 24°C in July. As renewable resources, mainly wind and solar energy are available on the island of Mljet. Based on measurement data for solar irradiation and wind speed, both are assessed as ''medium''. Biomass is abundantly available in form of Aleppo pine. However, it is not usable because it is located in a natural reserve. There are no facilities for the import or processing of fossil fuels or its derivatives available on the island. Transport fuel is delivered via ship and distributed via one fuel station for the entire island. This assessment of local needs has been adopted from the original publication [26] . More detailed information is also given in [24] .
Based on this assessment, the heuristic if-then-relations provided by the RenewIslands method are applied for equipment preselection. In total, 58 rules are defined in the RenewIslands method of which 34 apply to the present case study. Their application yields that 14 of 17 conversion technologies and 5 of 7 storage technologies can be eliminated from the general set of technologies defined in the RenewIslands method (Fig. 4) . For example, geothermal plants are excluded following the rule that geothermal plants are only considered if the resource is classified as ''high''. The preselection reduces the number of equipment considered from 24 to only 5. In particular, the provision of heat and cold can be excluded from further consideration due to the low demand for these needs and their dispersed geographic distribution. Hence, the synthesis task reduces to a renewable electricity supply system. Apart from the existing mainland grid connection, the remaining candidate technologies are wind turbines, photovoltaic panels and a hydrogen loop consisting of an electrolyser, a fuel cell and hydrogen storage. Further details on the preselection are provided in [24] .
Superstructure-based optimization
The preselection step has identified five candidate technologies for a renewable electricity supply system for Mljet Island. Now, in Table 1 Needs and resources of Mljet Island, qualitatively assessed according to the RenewIslands method [24, 26] .
Level
Geographic distribution the second step of the proposed hybrid method, the optimal system is determined by superstructure-based optimization considering only these candidate technologies. The method developed by Voll et al. [25] provides an algorithm for automated superstructure and model generation. Its application to the candidate technologies yields the general superstructure illustrated in Fig. 5 . The renewable electricity is produced by different types of wind turbines and photovoltaic panels. The produced electricity can be used to satisfy the local demand, to operate the electrolyser charging the hydrogen storage or it can be exported to the mainland. Demand satisfaction is also possible by operating the fuel cell discharging the hydrogen storage or by importing electricity from the mainland.
The underlying technology models are identical to the original models [26] , i.e., exactly the same data for demand, operating behavior, costs, etc. is used ( Table 2 ). This implies the following assumptions:
-all calculations are based on known annual time series with discrete time steps of 1 h for demand and generation data (wind speeds, solar irradiation, etc.; e.g. Fig. 3 ); -different types of wind turbines are available in discrete equipment sizes only and part-load behavior is modeled with the help of power curves; -for all other technologies, constant efficiencies are assumed and neither part-load behavior, minimum part-load restrictions or minimum technology sizes are considered; -the specific investment costs of the equipment are independent from equipment sizing, i.e. no economy of scale effects are modeled; -the share of renewable electricity in the grid is not limited, i.e., 100% demand satisfaction by renewable resources is allowed; however, the export of excess electricity is limited to 30% of the annual renewable production; -the hydrogen loop can only be operated by renewable resources.
It should be emphasized that the presented framework does not require these assumptions but can accommodate more general systems. The assumptions have been deliberately introduced to reproduce the results of the previous study [26] .
With these assumptions, the optimization model is formulated as mixed-integer linear program (MILP) as follows:
The function z(x, y) is the objective function for the synthesis and is further specified below. The optimization is subject to constraints that represent the mathematical description of all [20] heuristic "if-then" rules [20] Needs & resources of Mljet Island given data and information on the synthesis problem. For instance, the equality constraints Ax + By = 0 include the energy balances which are defined for every hour of the year; the inequality constraints Cx þ Dy 6 b model e.g. operational limits, such as the export of excess electricity. The vector x contains all continuous variables, e.g. for modeling the size and power supply of the photovoltaic panels. The vector y on the other hand comprises integer variables, which are only necessary for the sizing of the wind turbines in the present case study. Finally, the matrices A, B, C and D and the vectors a and c capture all constant coefficients representing the input data (time series, efficiencies, costs, etc.). Formulated that way, the problem can be solved to the global optimal solution in a single run using CPLEX Ò 12.5 as solver on a 3.3 GHz Intel Ò Core™ i-5-2500 CPU with 3.23 GB RAM.
Maximization of renewable electricity supply
In accordance to the original study [26] , optimization is performed aiming at a maximum share of renewable energies. Hence, minimization of electricity import from the grid x gridÀdemand t is used as objective function (the index t refers to each time step).
The problem is solved to its optimal solution in less than a minute (cf. Table 3 ). The solution comprises all information on the structure of the energy system, the sizing of the technologies and a schedule for operation in every hour of the year (i.e. 8760 time steps). Since the objective function addresses only the minimization of electricity import, cost trade-offs are not taken into account. Instead, the optimization selects candidate technologies according to their provision of renewable energy. Hence, for a share of 100% renewable electricity, a solution is found that proposes large installations of photovoltaic panels and a huge storage capacity. The optimized storage capacity takes the value of its upper bound. For such large storage capacities, infinitely many solutions exist that ensure a 100% renewable electricity supply, i.e. this solution is non-unique. Moreover, the proposed solution leads to large investment costs of 141.2 million EUR (million EUR = MEUR, Table 3 ) -typically a serious obstacle for realization in practice.
Minimization of investment costs
To avoid the economically undesirable oversizing of equipment, the optimization is repeated using the minimization of investment costs as objective function. Hence, cost trade-offs are now explicitly incorporated within the synthesis problem via the objective function:
The coefficients a inv l and c inv k denote the specific investment costs of the continuously sized equipment x size l (l = photovoltaic panels, electrolyser, etc.) and the discretely sized equipment y k (k = different types of wind turbines), respectively. For this objective function, a constraint is added assuring that the share of renewable resources must be 100%. Again the optimal solution is found within an acceptably short solution time of less than 2 min. Compared to the prior solution, an investment costs reduction of more than 80% is achieved (26.3 MEUR instead of 141.2 MEUR). Moreover, the optimization-based solution is also about 59% cheaper than the solution derived in the original simulation study (63.4 MEUR). The optimization-based synthesis solution (Fig. 6 ) represents the cheapest concept to supply Mljet Island with 100% electricity from locally available renewable resources with the technologies considered. The corresponding optimized schedules for operation of the wind turbines and the hydrogen storage are shown in Fig. 7 . From the set of candidate technologies identified by preselection, photovoltaic panels are not included in the Table 3 Comparison of simulation and optimization results for the case study. Simulation results are adopted from [26] . Optimization results are given for both maximization of renewable electricity supply (RES, Eq. (1)) and minimization of investment costs (in million EUR = MEUR, Eq. (2) minimum investment costs solution. For the assumed specific investment costs, efficiency and given solar irradiation (Table 2) , the photovoltaic panels are too expensive or less cost-effective, respectively, compared to wind power. Remarkably, the same holds for all other types of wind turbines than ''Fuhrländer FL30'', although the specific investment costs of all wind turbine types are the same. This demonstrates that the optimization balances both cost and performance trade-offs between the candidate technologies with respect to structure, sizing and operation for the given data. It is important to emphasize that these insights can only be attained as an output of the optimization (and not already within the preselection step). With respect to the balance of installed generation and storage capacities, the solution identifies the following configuration to be cost optimal: The installed generation capacity of 5.3 MW wind power is almost three times higher than the peak load of 1.8 MW and produces roughly four times more energy than the annual demand of the island. Yet, due to the temporal offset between generation and demand, only 38% of the island's energy demand can be covered directly from the wind turbines. Therefore, the excess energy is mainly used to operate the hydrogen storage, which is optimally sized to a capacity of 487 MWh ($11% of the annual demand). To ensure that the excess energy can be stored and used when needed, the storage can be charged with up to 2.5 MW by the electrolyser and discharged with up to 1.8 MW by the fuel cell. However, the hydrogen loop possesses a low round-trip efficiency of only 30%.
Case study conclusions
This case study demonstrates the applicability of the proposed hybrid approach for the synthesis of renewable energy systems. The heuristic preselection step efficiently narrows down the problem complexity: In the studied example, five essential candidate technologies are chosen from the initial set of 24 possible technologies. Thereby, the solution effort for the subsequent superstructure-based optimization is kept within a manageable range of 1-2 min. This is the case despite the fact that 8760 coupled time steps were simultaneously evaluated solving an MILP and no algorithmic tuning has been employed. Nevertheless, the heuristic preselection of candidate technologies does not restrict the synthesis to trivial problems. On the contrary, as discussed by analyzing different objective functions in the case study, the optimization-based synthesis balances complex cost and performance trade-offs between the candidate technologies. In consequence, the identified synthesis solution for minimum investment costs exhibits enormous savings of approximately 59% compared to the solution derived by previous simulation [26] while retaining a 100% renewable energy supply.
Evaluation of the hybrid synthesis method
The results presented in Section 3 indicate the benefits of the proposed hybrid approach. In this section, the synthesis problem presented in the case study is analyzed in greater depth in order to further evaluate the approach with regard to its applicability for sensitivity analyses, the solution quality and the related solution effort. Additionally, the usefulness of the hybrid synthesis method is evaluated for addressing multi-criteria problems.
Parametric studies
In the case study, the investment costs optimal solution for a 100% renewable energy system does not include photovoltaic panels. This appears intuitive, since the assumed specific costs of photovoltaic panels are much higher than the costs for wind turbines (Table 2) . However, this is certainly not always the case; e.g. the price for photovoltaic panels has dropped worldwide significantly in recent years. Within the proposed hybrid approach, the superstructure-based optimization automatically assesses all cost and performance trade-offs between the candidate technologies. Accordingly, any change in the input data, e.g. price or performance assumptions, can immediately be taken into account without the need to modify or change the optimization model. The resulting synthesis solution will again be optimal with respect to the changed input data. This feature of the proposed method can hence be used for conducting systematic analyses of crucial parameters.
To demonstrate this feature, the influence of the specific investment costs of photovoltaic panels on the optimal synthesis solution is now briefly discussed for the case study of Mljet. Similar investigations could be conducted for the costs of the wind turbines (e.g. to investigate economy of scale effects) or any other input parameter. For the sensitivity analysis, two cases are considered assuming different values of investment costs for the photovoltaic panels: Costs equal to the costs of the wind turbines (1500 EUR/kWp) and costs that make photovoltaic panels significantly cheaper than wind turbines (410 EUR/kWp). For costs of 410 EUR/kWp the original cost ratio between wind turbines and photovoltaic panels is exactly inverted. The corresponding optimal synthesis solutions for minimization of investment costs are presented in Table 4 .
For equal investment costs, photovoltaic panels now contribute substantially to the installed generation capacity (2.8 MW or almost 50%). As a major result of this mix of renewable generators, both the electrolyser size and the storage capacity can be decreased. However, while the electrolyser size can be decreased by 36%, the storage capacity can only be reduced by 14%. In total, the necessary investment costs are reduced by 10%.
When photovoltaic panels become much cheaper than wind turbines, naturally the installed capacity of photovoltaic panels rises further in the optimal solution (5.3 MW). However, a complete substitution of wind generation capacities by photovoltaic -as has been the case between wind and photovoltaic panels for the inverse price ratio -is not observed. Hence, a complete substitution is not economically favorable. Instead, wind turbines still should contribute with 2 MW (more than 25%) to the total installed generation capacity. While the storage capacity can be decreased by another 9%, the electrolyser size remains almost the same as in the previous case. The total investment costs are reduced by another 17%. This brief analysis demonstrates that the proposed synthesis method can readily be applied to perform systematic studies on the influence of input parameters on the optimal solution.
Evaluation of the solution quality
The superstructure used in the case study (Fig. 5) is the most general superstructure considered. It contains the five preselected candidate technologies and encodes all theoretically possible alternatives for their combination. In [26] , additional scenarios are analyzed that explicitly consider other subsets of the candidate technologies (Table 5) . It is instructive to consider those scenarios as well. The number of considered candidate technologies increases over the given scenarios and that for each scenario a synthesis solution exists derived by simulation. These solutions are used as benchmark for the assessment of the solution quality of the optimization-based synthesis. Additionally, the influence of the number of candidate technologies on the solution effort is analyzed (Section 4.3).
In accordance to the prior investigation conducted in the case study, the superstructures associated with each scenario are optimized with respect to two different objective functions: Minimization of electricity import (i.e. maximization of the share of renewable resources) and minimization of investment costs. The results are shown in Fig. 8 .
For an objective function maximizing the share of renewable resources, optimization-based synthesis increases the share of renewable resources for scenarios 2 and 6 by 8% and 3%, respectively. Furthermore, optimization confirms that a share of 35% is the maximum value to be reached when only photovoltaic panels are installed (scenario 4). Naturally, no improvements can be found for scenarios 8, 10 and 12 with a share of renewable resources already at its maximum level of 100%. However, as shown in Fig. 8b ), the optimization-based synthesis solutions require less investment costs. The cost reductions range between 11% (scenario 10) and 59% in the general superstructure (scenario 12, cf. Section 3). Even for scenario 8, which does not employ expensive photovoltaic panels and is therefore structurally close to the optimal solution, the savings are still higher than 30%. In a nutshell, the optimizationbased synthesis solutions are always better or equal to the results from the simulation studies [26] , as should be expected from a rigorous MILP approach. The most significant improvements appear in the scenarios with the highest degrees of freedom (scenarios 8-12, with energy storage), affirming the benefit of superstructure-based optimization in dealing with the complex trade-offs between structure, sizing and operation of the technologies.
Evaluation of the solution effort
The previous comparison points out the strength of superstructure-based optimization in finding optimal solutions for various synthesis problems. Still, in practice, it is crucial to keep the required solution effort manageable for a successful application of the superstructure-based optimization step within the proposed hybrid approach. Due to the hierarchic nature of the synthesis problem (cf. Section 1), the number of preselected candidate technologies substantially affects the solution effort.
For the scenarios introduced in Section 4.2, the solution effort for minimizing investment costs is illustrated in Fig. 9 . The solution time increases exponentially with an increasing number of candidate technologies in the scenarios. While e.g. the scenarios with only one technology (scenarios 2, 4) require roughly 2 s to be solved, the general superstructure with five candidate technologies takes already more than 100 s, i.e. more than 50 times longer. For that reason, the necessity to limit the number of candidate technologies becomes central. In the proposed hybrid approach, the number of candidate technologies is bounded by the preselection step utilizing the RenewIslands method. It should be emphasized that the preselection step is independent from the employed equipment models. In the present case study, simple equipment models are used that mostly neglect e.g. part-load behavior. Thus, for more detailed models, the reduction in computational effort from limiting the number of candidate technologies is expected to be even more valuable. 
In [26] , also scenarios with a grid limit of 30% renewable penetration and/or hydrogen use for mobility needs are studied. These scenarios have been given uneven and/or higher numbers in [26] and are not considered in the present work.
Multi-objective optimization
The reduced computational effort gained from the equipment preselection also opens up the opportunity to conduct investigations that require multiple optimization runs, e.g. multi-objective optimization [35] [36] [37] . A multi-objective analysis in turn may provide useful additional insight into the synthesis problem at hand. This feature is now illustrated for the case study. A Pareto frontier is generated using the e-constraint method [38] to investigate how much investment is at least necessary for a certain share of renewable resources. The generation of the Pareto frontier requires nine additional optimization runs and is completed in 24 min.
The slope of the Pareto frontier (Fig. 10, top) shows that the share of renewable resources can only be increased towards 100% with progressively larger costs, as progressively more equipment needs to be installed (Fig. 10, bottom) . Roughly three ranges can be identified in the Pareto frontier in Fig. 10 : Renewable resources supplying less than 40%, 40-90% or up to 100% of the demand. If renewable resources supply less than 40% of the demand, it is sufficient to install wind turbines only and moderate costs of less than 1.5 MEUR occur. The wind power can be used for direct demand supply and no energy storage is needed. However, if a share of more than 40% of renewable resources is desired, it becomes favorable to compensate the temporal offset between generation and demand by providing energy storage and installing the hydrogen loop. Thus, from that point on, the costs for the electrolyser, the hydrogen storage and the fuel cell add to the total investment costs and the slope of the Pareto frontier becomes steeper. At a share of 60% of renewable resources, investment costs have reached already 5 MEUR and further increase up to 15 MEUR at 90%. Due to the conversion losses that occur in the hydrogen loop, considerably more wind energy than required for demand supply needs to be harvested. Accordingly, the installed equipment size of wind turbines rises from 0.9 MW to 4.3 MW between 40% and 90% share of renewable resources. Likewise, the electrolyser size rises from less than 100 kW to almost 2 MW to convert the harvested surplus wind power into hydrogen. Between 40% and 90%, both the installed fuel cell size and the storage size can still be kept relatively low. For a share of renewable resources between 90% and 100%, the slope of the Pareto frontier rises even further. In fact, the last 10% are almost equally expensive as the first 90% with investment costs increasing from 15 MEUR up to 26 MEUR. This is mostly due to fact that the fuel cell and storage capacities now need to be expanded massively; by the factors three and four, respectively, to cover the lack of wind in summer when the electricity demand is at its peak.
Conclusions
This paper presents a hybrid approach for the synthesis of renewable energy systems. The hybrid approach consists of an initial heuristic-based preselection of candidate technologies followed by a rigorous optimization. The preselection builds upon the RenewIslands method [24] and optimization is conducted superstructure-based, as developed by Voll et al. [25] . The heuristic-based preselection aims at narrowing down the inherent problem complexity induced by the variety of available renewable technologies. The superstructure-based optimization subsequently determines the optimal synthesis solution balancing all cost and performance trade-offs between the candidate technologies with respect to structure, sizing and operation for the given problem data.
The application of the hybrid approach to the case study of Mljet Island shows that the complexity of the synthesis problem can successfully be narrowed down by preselecting five promising candidate technologies from a comprehensive set of more than 20 options. For different objective functions, the implemented MILP optimization model yields the optimal solution in less than 2 min using a standard solver. Major benefits of the superstructure-based optimization are achieved when costs are taken into account. At an equal share of 100% renewable electricity, the optimization-based solution requires only 41% of the investment costs compared to a solution originally derived by simulation [26] .
Further evaluations of the hybrid approach confirm its benefits. In particular, the optimization-based synthesis can conveniently be applied for systematic parametric studies on crucial inputs. Moreover, a detailed comparison of optimization results with scenariotype simulation studies [26] shows that the optimization-based synthesis is particularly valuable for the synthesis of energy systems with high degrees of freedom, e.g. systems including energy storage technologies. An analysis of the solution effort for the optimization demonstrates the fundamental role of limiting the number of candidate technologies within the preceding preselection step. The low computational effort achieved by the preselection in turn also enables efficient multi-criteria optimization yielding valuable insights on renewable energy systems.
Thus, the proposed hybrid approach represents an efficient method for the synthesis of renewable energy systems.
